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Dynamics of Synaptic Sfil-DNA Complex: Single-Molecule
Fluorescence Analysis

Mikhail A. Karymov, Alexey V. Krasnoslobodtsev, and Yuri L. Lyubchenko

Department of Pharmaceutical Sciences, University of Nebraska Medical Center, Omaha, Nebraska

ABSTRACT A single-molecule analysis was applied to study the dynamics of synaptic and presynaptic DNA-protein com-
plexes (binding of two DNA and one DNA duplex, respectively). In the approach used in this study, the protein was tethered to a
surface, allowing a freely diffusing fluorescently labeled DNA to bind to the protein, thus forming a presynaptic complex. The
duration of fluorescence burst is the measure of the characteristic lifetime of the complex. To study the formation of the synaptic
complex, the two Sfil-bound duplexes with the labeled donor and acceptor were used. The synaptic complex formation by these
duplexes was detected by the fluorescence resonance energy transfer approach. The duration of the fluorescence resonance
energy transfer burst is the measure of the characteristic lifetime of the synaptic complex. We showed that both synaptic and
presynaptic complexes have characteristic dissociation times in the range of milliseconds, with the synaptic Sfil-DNA complex
having the shorter dissociation time. Comparison of the off-rate data for the synaptic complex with the rate of DNA cleavage led
to the hypothesis that the complex is very dynamic, so the formation of an enzymatically active synaptic complex is a rather rare

event in these series of conformational transitions.

INTRODUCTION

A synaptic DNA-protein complex is formed by two DNA
regions brought together and stabilized by a specialized protein
or protein complex. The formation of synaptic DNA-protein
complexes is the key step of various genetic processes, such
as site-specific recombination, genome integration, excision,
and inversion of specific DNA regions (1). In fact, the for-
mation of a synaptic complex is a more general phenomenon
that is not limited to various site-specific recombination sys-
tems. There is a family of DNA restriction enzymes that
requires the formation of synaptic complexes for further site-
specific DNA cleavage (2-5). Despite a wide range of pro-
tein sizes and complexity of systems (dimers, homo and
heterotetramers, or even higher stoichiometry), the formation
of synaptic complexes is a dynamic process in which the
creation of a complex with only one DNA duplex (presyn-
aptic complex) is the first step to the formation of an active
complete complex (1). However, this initial step varies for
different systems. The presynaptic complex may be a part of
the complete protein complex (e.g., a monomer) bound to the
DNA template, so parts of association via the protein-protein
interaction form the synaptic complex. This is typically ob-
served in multiprotein complexes such as the synaptic sys-
tem formed by two RAG1/RAG2 heterotetramers during the
V(D)J recombination (6). An alternative pathway for the pre-
synaptic complex formation involves the interaction of the
complete protein complex with one of the DNA templates,
so the synaptic complex is formed by the recruiting of the
second DNA chain. This pathway is realized in a number of
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type II restriction enzymes, and Sfil is one of the best char-
acterized enzymes of this type (7-9). There are a number of
questions related to the mechanism of synaptic complex forma-
tion that have not been answered so far. For example, how
dynamic are the entire complex and its intermediates? Given
the requirements for conformational transitions within the
synaptic complex (DNA cleavage and relegation with the forma-
tion of Holliday junction in the case of site-specific recom-
bination), one anticipates a dynamic behavior of the synaptic
complex. How fast are the structural transitions within the
synaptic complex? How stable is the DNA-protein complex?
Answering these questions is critical for understanding the
molecular mechanisms of synaptic complex formation, but
relies on the availability of methods that allow lifetime mea-
suring of transiently formed states of molecular complexes.

It was recently demostrated that single-molecule imaging
techniques are capable of detecting intermediate states of
rather complex molecular systems (10-15) and can thus be
applied for characterizing synaptic complexes. Single-mol-
ecule dynamic atomic force microscope (AFM) spectroscopy
is another technique that provides measurements of pairwise
interactions within the molecular complexes (16—19), and
we have recently applied this technique to characterize the
strength of the synaptic complex formed by Sfil restriction
enzyme and its transient state, which is termed a presynaptic
complex (20). These data also allowed us to estimate the
characteristic dissociation rates for both synaptic and presyn-
aptic complexes and led to the proposal that the complexes
have a highly dynamic character. However, the extrapolation
of the data to zero value of rupture force performed on the
measurements over the range of relatively high loading rates
is a serious limitation of this informative and useful single-
molecule approach.
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Here, we describe the results of the analysis of dynamics
of synaptic Sfil-DNA complexes with the use of ‘‘tethered”’
single-molecule fluorescence approach including fluores-
cence resonance energy transfer (FRET) (10,14,21-28).
With this approach we were able to detect the interaction
of the system on a timescale exceeding the free diffusion
time by orders of magnitude. We also employed single-
molecule FRET to study dynamics of Sfil-DNA complex.
The “‘tethered’’ single-molecule fluorescence approach can
measure kinetic parameters on immobilized single mole-
cules, and it was used to reveal the mechanisms of such
biologically important processes as Holliday junction dyna-
mics (29,30), branch migration (31), enzyme activity (26,32)
and RNA translation (15,33). Conventional fluorescence
correlation spectroscopy (FCS) on freely diffusing molecules
is capable of analyzing the dynamics of isolated molecules
on a millisecond timescale (34,35). However, this technique is
limited to the lifetime of a ligand-receptor complex in the
range of the diffusion time through the observation volume,
which is typically 1 ms (36). FCS, in combination with total
internal reflection, was applied to study reversible interaction
of fluorescently labeled IgG with the mouse receptor FcyRII
in substrate-supported planar membranes (37). In these
studies, dissociation times in the range of hundreds of milli-
seconds were measured. We took advantage of this tethered
technique and applied this approach to study synaptic com-
plexes. To achieve this goal, one of the interacting compo-
nents of the system (protein or DNA) was anchored to a surface,
allowing the other freely diffusing partner (DNA duplex) to
bind to the immobilized target. Using the ‘‘tethered’’ approach
in combination with single-molecule FRET analysis, we were
able to analyze the dynamics of the interaction within both
presynaptic and synaptic complexes in real time.

METHODS
Preparation of oligonucleotides

DNA oligonucleotides containing a 13-base pair (bp) recognition site (5'-
GGCCNNNNNGGCC-3") and terminal amino modification at the 5’ end
were purchased from Integrated DNA Technologies (Coralville, IA) as
single-stranded complements. The sequence for a modified single-stranded
oligonucleotide was 5'-/SAmMMC6/CCGGCCTCGAGGGCCATT-3". The
complementary strand (5'-AATGGCCCGTCAGGCCGG-3') did not con-
tain a modification. Amino groups terminating single-stranded oligonucle-
otides were labeled with succinimide esters of Cy3 or Cy5 dye (Amersham
Biosciences, Piscataway, NJ) according to the protocol provided. Dye-
labeled oligonucleotides were separated from the unlabeled ones with
reverse-phase high-performance liquid chromatography. Separation quality
was controlled by measuring the absorption spectra; the molar ratios of
attached dyes and DNAs were close to 1:1. Both Cy3- and Cy5-labeled
single-stranded oligonucleotides were then annealed with their complements
by heating to 98°C followed by slow cooling to room temperature.

Glass surface modification

Square glass coverslips (Karl Hecht, Sondheim, Germany) were cleaned
with 1:1 nitric acid/hydrogen peroxide mixture for 10 min and stored in

Biophysical Journal 92(9) 3241-3250

Karymov et al.

deionized water until use. A 20-uL glass cell was assembled on the original
sample holder (PicoQuant, Berlin, Germany) from the glass coverslip, 0.1-
mm-thick teflon spacer (American Durafilm, Holliston, MA), and 25-mm-
diameter quartz disk with two small holes to fill the observation cell. Glass
slips were treated with 167 uM maleimide silatrane aqueous solution for 3 h
and rinsed with dd-water resulting in a maleimide functionalized surface.
For covalent attachment of Sfil, 8 nM solution of the protein (low bovine
serum albumin content, New England Biolabs, Beverly, MA) was treated
with TCEP-hydrochloride (Tris(2-carboxyethyl)phosphine) (Pierce, Rockford,
IL) at 25°C for 7 min to reduce disulfide bonds of the protein. The
maleimide-functionalized surface was then incubated with this solution for
1 h. The thiol groups of protein cysteine residues react with the maleimide
units on the surface, leading to covalent immobilization of the protein. The
modified glass cell was thoroughly rinsed with buffer solution (10 mM
HEPES, 50 mM NacCl, 2 mM CaCl,, pH 7.0) to avoid bubbles and used
immediately after preparation. Measurements were performed in Sfil bind-
ing buffer (10 mM HEPES, pH 7.0, and 50 mM NaCl) containing 2 mM
CaCl, at room temperature.

Peak durations and FRET measurements

Single-molecule FRET and FCS measurements were carried out on a
confocal microscope built around an Olympus IX71 (Hitschfel Instruments,
St. Louis, MO) inverted microscope body equipped with a piezo-driving
scanning stage (Physik Instrumente, Karlsruhe, Germany). An oil immersion
UPlanApo 100X objective with 1.35 numerical aperture (Olympus, Tokyo,
Japan) was used for all measurements. Autocorrelation functions were
typically obtained in 10 min using incident laser intensity of ~100 uW
provided by a 532-nm laser (Crystalaser, Reno, NV). This wavelength was
optimal for the excitation of Cy3 dye (donor). Fluorescence was collected
through a 30-um-diameter pinhole placed in the focal plane of the right-side
port. After the pinhole, a dichroic mirror (Chroma 630dcxr, Rockingham,
VT) separated the emission into either a donor or acceptor channel,
depending on the wavelength. The emission was then focused onto silicon
avalanche photodiodes (SPCM-AQR-15, Perkin Elmer Optoelectronics,
Freemont, CA) operating in single-photon counting mode. Data acquisition
and preliminary analysis were performed using TimeHarp 200 PCI-board
(PicoQuant, Berlin, Germany).

To measure peak duration, the fluorescence intensity time traces were
averaged with 3-ms bin intervals. Data were corrected for the background
level and for 20% bleed-through of the donor intensity into the acceptor
channel, which was obtained from the donor-only labeled molecules. For
each individual time trace, cut-off level was determined based on the average
intensity of the signal, and duration of the peaks two times higher than cut-
off level were measured. Donor and acceptor intensity time traces were
analyzed in the exact same way.

To analyze peak duration, the normalized survival probability, Pgyy,
was evaluated as follows: the number of events to the right of a selected
time at each time-bin interval was counted. These values, divided by the
total number of events, were plotted against time according to the equation

Naury (1)

N b
where g,y (1) is the number of complexes that survive longer than time 7,
and N is the total number of complexes observed (38,39). The time
dependence of Py, cannot be approximated by a single exponential, and the
curve was best fit with two decaying exponentials corresponding to species
with different lifetimes, 7;:

Pun (1) = (D

Pon(t) = A X exp% + A, X exp%. 2

Here, A; is the reflecting fraction of species with lifetime ;. The major
feature of normalized survival probability (NSP) approach is that no
assumption about the type of the distribution of the data is needed.
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Therefore, if the decay process is complex (e.g., multiexponential), the NSP

approach is capable of retrieving characteristics for all components. All

fitting algorithms were performed on Microcal Origin Version 6.0.
Apparent FRET efficiency (27)was estimated according to the equation

Eapp = IA/([A + [D)7 (3)

where I, and Ip are the corrected acceptor and donor intensities, respec-
tively. The general equation for FRET efficiency is

E=1/(I+vl). O]

The vy-factor in the Eq. 4 is equal to m,¢,/m4¢q and accounts for
quantum yields of donor and acceptor emission (¢4 and ¢, respectively), as
well as instrument detection efficiencies in both channels (14 and 7),). This
factor was estimated to be ~1 for our experimental setup. However, the
single-pair FRET technique on immobilized molecules should be used
cautiously in absolute distance measurements, due to the effect of micro-
environments, and it is more feasible for relative dynamic distance changes
between the fluorescent dyes (25,26,40).

FCS measurements

FCS measurements were performed in the same way as described above.
Fluorescence-intensity data were acquired with TimeHarp 200 PCI-board
(PicoQuant). Data were stored in time-tagged time-resolved format, and
fluctuation correlation functions were evaluated by the company-provided
software according to the following equation:

_(BI(t)dI(t + 7))
IO

where 7 is the fluorescence intensity and 6/ represents fluctuations of
fluorescence intensity. The fluctuation correlation function shown differs
from the autocorrelation function by a constant value of —1. To estimate
averaged lifetimes of the molecules in the detection volume, a lateral dif-
fusion approximation for intensity fluctuation correlation function was used:

G(7) &)

;‘;‘;‘
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Here, N; is a fitting parameter reflecting fluorescent intensity of species
i with lifetime 7;, and 7; is the average species lifetime in the detection
volume. We used the fitting procedure described in Allen and Thompson
(41) to analyze the form of G(7) for freely diffusing fluorescent molecules
excited with a focused laser beam when fluorescence is collected through a
confocal pinhole. Fitting was performed on Microcal Origin Version 6.0.

RESULTS
Tethered single-molecule fluorescence approach

Fig. 1 shows schematics of the approach on tethered single
molecules. The key point of this technique is anchoring the
target molecule while the probe molecule diffuses freely in
solution. In this particular case, Sfil is tethered to the surface
via a flexible linker, which allows for observation of the in-
teraction with fluorescent probes (DNA duplexes) over the
selected area for an indefinite time (Fig. 1, A and B). The Sfil
enzyme was covalently attached to a functionalized glass
substrate via SH-group of the unique cysteine residue located
near the C-terminus of the Sfil protein sequence (230th
position out of 269 amino acids total) using the maleimide-
silatrane approach described recently for mica surface
functionalization (42). The fact that this residue is not in-
volved in the recognition process (43) is important for as-
sembly of the complexes. In addition, we have also shown
that covalent immobilization of Sfil protein via this single
cysteine residue does not affect the ability of the protein to

FRET

Fluorescence

FIGURE 1

Scheme illustrating the procedures for studies of presynaptic (A) and synaptic (B) Sfil-DNA complexes. (A) The DNA duplex tagged with

Cy3 (D in green burst) was used for detecting the formation of the presynaptic complex. (B) Two DNA duplexes tagged with Cy3 and Cy5 (A in red burst)
dyes are bound to protein tetramer to form the Forster pair. The fluorescence of the acceptor molecule (Cy5) is observed only in the synaptic complex upon
energy transfer from the excited donor molecule. The laser beam was focused directly on the surface (not shown). Diameter of the laser beam is ~0.5 um.
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form a complex with the DNA duplex containing a specific
13-bp recognition sequence (20).

The presynaptic (Fig. 1 A) complex was formed upon
adding the duplex labeled with Cy3. Analysis of the synaptic
complex, which requires the binding of two DNA duplexes
to the target, was performed with the use of duplexes labeled
with Cy3 (donor) and Cy5 (acceptor) capable of producing
FRET if the distance between the dyes is <10 nm (Fig. 1 B).
According to recent crystallographic data (43) for Sil-DNA
synaptic complexes, the donor and acceptor can be separated
by 6 nm, the distance easily detectable by our single-molecule
fluorescence microscope (31).

Presynaptic Sfil-DNA complex

First, we analyzed the interaction of the DNA duplex with
immobilized Sfil enzyme leading to the formation of the
presynaptic complex, where only one DNA duplex binds to
the enzyme (Fig. 1 A). A diluted solution of the DNA duplex
fluorescently labeled with Cy3 dye was injected to allow
binding to the target, and the microscope objective was fo-
cused on the surface so that the duplexes flowing in the
surface proximity and bound to the enzyme were detected. A
computer-controlled scan of the surface was performed to
detect the positions of the enzymes capable of binding to the
fluorescently labeled duplex. The developed surface modi-
fication and sample preparation procedure allowed us to pre-
pare the surface with a low density of immobilized protein
molecules. This is illustrated in Fig. S1 (Supplementary
Material), which shows a 13 X 13 wum scan in which the
distance between adjacent proteins (bright spots on the
scans) is in the range of several microns. The laser beam was
brought to one of the identified positions of the protein and
the time-dependent fluorescence intensity was recorded. Typi-
cal diameter of the focused beam is in the range of 500 nm,
ensuring the acquisition of data from an individual protein
within the spot. The fluctuations of fluorescence intensity
due to binding-unbinding events were collected with the ava-
lanche photodiode detector of the single-molecule fluores-
cence setup (31). The nanomolar concentration of the duplex
(typically used for free-diffusion, single-molecule FCS experi-
ments) enabled us to detect individual complex-formation
events. The sample stage was moved to another spot on the
initial scan, and the data acquisition process was repeated
with another enzyme molecule.

The fluorescence intensity fluctuation due to binding-un-
binding events were converted into FCS correlation curves,
as described in Materials and Methods, and one of these decay
curves is shown in Fig. 2 A (/). This is a typical S-shaped
FCS correlation curve, from which the characteristic time of
16.0 = 0.2 ms was obtained; here £0.2 ms is a fitting error
for a single time trajectory. The data collected well above the
surface produced a different autocorrelation curve. As is seen
in Fig. 2 B, the characteristic time is considerably less, 7 =
0.60 = 0.01 ms. This value corresponds very well to the
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FIGURE 2 Fluorescence fluctuation correlation functions G(r) of Cy3
labeled DNA duplexes. (A) FCS functions of labeled DNA duplexes near the
surface: Curve 1 (blue diamonds) corresponds to the experiment performed
in the presence of anchored Sfil tetramers. Curve 2 (red circles) represents
data obtained in the absence of the attached protein. (B) FCS curves acquired
from the freely diffusing in solution Cy3-labeled DNA duplexes of different
lengths: Curve 1 (red circles), 18 bp; curve 2 (green triangles), 39 bp.

diffusion times obtained for freely diffusing DNA duplexes
(21,44). Similar experiments with a longer duplex (39 bp)
(Fig. 2 B (2)) yielded a larger time value, 7 = 1.19 = 0.01
ms, as anticipated for a longer DNA duplex. Another control
experiment using the same 18-bp DNA duplex and the
maleimide-functionalized glass surface with no immobilized
enzyme is shown in Fig. 2 A (2). The characteristic time 7 =
0.43 = 0.02 ms is close to the value determined in the
experiments described above (Fig. 2 B (/)). These observa-
tions suggest that DNA does not adsorb nonspecifically to
maleimide-modified surface. It also ensures that only events
of specific binding between DNA and Sfil are detected in the
experiment with surface-bound Sfil. A slightly lower 7 value
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for control experiments with no protein bound (0.43 ms) com-
pared to that obtained for the off-the-surface experiments
(0.60 ms) is explained by a smaller detection volume for the
beam focused at the surface (37).

We also studied the interaction between Sfil and nonspe-
cific DNA duplex of the same length (18 bp). The FCS anal-
ysis produced characteristic times of 0.38 * 0.09 ms and
0.52 = 0.09 ms for experiments performed by focusing the
beam at the surface and in the bulk, respectively. The value
obtained for a characteristic lifetime (0.38 ms) suggests that
the interaction of the protein with the nonspecific duplex
occurs in the submillisecond timescale. We did observe short
spikes in the time traces, indicating the formation of com-
plexes with such short lifetimes; however, these rare events
cannot be reliably identified on the FCS curve as a step.

The experiments were performed as described over
various positions on the same sample and different samples.
The characteristic time averaged over a set of fluorescence
measurements provides the mean value for the dissociation
time <7> = 13 £ 5 ms (5 ms is a standard deviation
calculated from the set of 10 FCS experiments). A large vari-
ability in the characteristic time values, even those acquired
for different positions on the same sample, primarily reflects
the effect of the local microenvironmental conditions
typically detected in single-molecule experiments (45).

An alternative way to analyze the surface-bound events is
by direct analysis of the duration of the fluorescence bursts
on the time trajectory data. A fragment of a typical fluores-
cence-intensity time trace obtained from a single experiment,
corresponding to the FCS curve described in Fig. 2 A, is
shown in Fig. 3 A. The temporal fluctuations of the fluo-
rescence (Ig) are characterized by a set of bursts, the duration
of which corresponds to times when the fluorescently labeled
DNA molecule enters and leaves the detection volume. The
peaks shown in Fig. 3 A with intensity >40 total counts/3 ms
were analyzed. The abruptness of the intensity spikes is the
indication for the single-molecule events and is defined by
the diffusion time over the focal area. The peak width
corresponds to the time the fluorescently labeled molecule
spends in the detection volume. For example, the burst
widths are 9 ms for peak 1, 27 ms for peak 2, and 63 ms for
peak 3. The diffusion time, ~0.5 ms, is thus substantially
smaller than the lifetime of the Sil-DNA complex, which is
why the peaks appear so sharp on the time trajectories.
Characteristic lifetimes of the individual protein-DNA
complexes deviate quite significantly due to the effect of
microenvironment, as mentioned above. The fluorescent
dyes under our experimental conditions bleach in the range
of several seconds; therefore, the correction of the charac-
teristic lifetime of the complex (10-20 ms) is ~1%, which is
also far beyond the accuracy of their determination.

The lifetimes of DNA-protein complexes obtained from
~5000 bursts are assembled as a histogram in Fig. 3 B. This
data set was analyzed by the NSP approach utilized in other
studies (38,39) for analysis of time-dependent events (see
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FIGURE 3 Direct analysis of the time traces obtained for the presynaptic
DNA-Sfil complex. (A) Two examples of the fluorescence-intensity time traces
selected from the full time trajectory acquired during 10 min of continuous
observation. The parameters of all peaks were measured as described in the
Methods section; lifetimes 7 of three peaks are indicated, for example. Some
peaks are marked with the numbers (see text). (B) Distribution of burst dura-
tions obtained from multiple time-trace trajectories. (C) Plot of normalized
survival probability versus the lifetime of the complex. The characteristic
lifetime of 14.5 = 0.3 ms was determined from the two-exponentials fit as an
average lifetime of the most abandoned fraction; *0.3 is the error of the fit.
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Methods for details). In the NSP approach, the number of
events to the right of a selected time is counted. These values
are plotted against time, producing a graph that can be fit
with multiple exponential decays, enabling us to retrieve the
characteristic times and ratios of each of these components.
The NSP curve calculated for the dataset shown in Fig. 3 B is
shown in Fig. 3 C. This curve provides the characteristic
lifetime 7 = 14.5 * 0.3 ms. Lifetime value obtained using
survival probability analysis is very close to 7 = 13 = 5 ms,
determined by analysis using multiple autocorrelation func-
tions. NSP analysis also reveals a second component in the
decay, which comprises ~4% of the total events, with a
characteristic time of 142 * 19 ms.

Synaptic Sfil-DNA complex

During analysis of the time trajectories, we found that there
are rare but repeatable events when the heights of the peaks
on the time trajectories are double the mean value, sug-
gesting that binding of two DNA duplexes within the spot
occurred. Some of these events might be due to the binding
of two DNA duplexes to the same Sfil target, leading to the
formation of the synaptic complex. To distinguish this event
reliably from the simultaneous binding of DNA duplexes to
different proteins within the observation area, and thus to
ensure detection of the synaptic complex, the approach uti-
lizing FRET was developed and applied. In these experi-
ments, DNA duplexes labeled with Cy3 and Cy5 dyes were

Karymov et al.

used. When a synaptic complex consisting of both DNA
duplexes is formed, energy transfer from Cy3 (donor) to Cy5
(acceptor) occurs, leading to the FRET signal, as schemat-
ically shown in Fig. 1 B.

In these experiments, the complex was excited at the
wavelength corresponding to the donor absorbance (Cy3),
and the time-correlated fluorescence intensities from donor
and acceptor were detected (31). Fig. 4 A shows two exam-
ples of typical single-molecule time dependences of fluores-
cence intensity for donor and acceptor (green and red lines,
respectively). The fluorescence-intensity time trace of the
donor (green) resembles that of the presynaptic complex
(Fig. 3 A), with approximately the same frequency of fluo-
rescence bursts. However, in addition to these peaks, the
bursts of the acceptor appear (arrows). The intensity of the
donor fluorescence is low when the acceptor peaks appear,
and alternatively the donor fluorescence increases when the
acceptor peaks drop and disappear, as can be seen in Fig. 4 A
(peak 3). This is a clear indication of the FRET signal and
thus of the formation of synaptic complexes. Typically,
events with a FRET efficiency of 10-40% appear, but events
with higher FRET efficiency were also observed. For ex-
ample, peaks marked with / and 2 in Fig. 4 A have mean
FRET efficiencies of ~14% and ~17%, respectively, but
peak 3 has much larger FRET efficiency (~70%). Such a dif-
ference in FRET values can be explained by variability of the
local environment and is rather typically observed in single-
molecule experiments (45). FRET events are rare, due to the
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low probability of binding simultaneously both donor- and
acceptor-labeled DNA at the low DNA concentrations
required for single-molecule experiments; therefore, multiple
experiments were performed to accrue a reasonable number
of FRET events. FRET values obtained for multiple experi-
ments were assembled and plotted as a histogram (Fig. 4 B).
This histogram has two distinct maxima corresponding to
FRET values of 0.11 and 0.33. Based on the available crys-
tallographic data of Sfil-DNA complex (43), it is reasonable
to assign these two peaks in the FRET distribution to the
formation of synaptic complexes with ‘‘antiparallel’’ or ‘‘par-
allel”’ orientations corresponding to donor-acceptor distances
of ~8 or ~6.5 nm, respectively. We recently showed (46)
that despite the asymmetry of the central part of the recog-
nition site, both orientations of the duplexes within the synap-
tosomes can be formed.

The assembled widths of each FRET peak over the same
series of time trajectories are shown in Fig. 4 C. The data was
analyzed using the NSP approach and the survival proba-
bility plot is shown in Fig. 4 D. The data were fitted with two
exponential decay curves, with a characteristic time of 6.8 =
0.3 ms, corresponding to ~99% of the events. Note that the
mean lifetime value is less than the lifetime for the presyn-
aptic complex.

DISCUSSION

The results obtained in this work show that the disassembly
of synaptic and presynaptic complexes occurs on the milli-
second timescale, suggesting that the Sil-DNA complexes
are very dynamic. We recently applied single-molecule AFM
dynamic force spectroscopy to analyze the stability of Sfil-
DNA complexes (20). The characteristic dissociation time
value for the synaptic complex was 26 = 4 ms, that is, in the
same time range as the value obtained in this study, 6.8 = 0.3
ms, and the 3.5-times difference in the data can be attributed
to the difference in design of the DNA duplexes used in the
two works (47). Duplexes (40 bp) with the asymmetric
position of the 13-bp recognition sequence having 4-bp and
23-bp flanking sequences were used in the force spectros-
copy study. In this work, a design with a symmetric position
of the recognition region within the 18-bp duplex was used.
However, we propose an alternative explanation, which seems
reasonable to consider. The force spectroscopy data for the
complex lifetimes were obtained by extrapolation to the zero
rupture force of the experimental AFM pull-off force values
obtained at relatively high pulling rates. The data were ap-
proximated by one line, suggesting that the energy profile for
the dissociation of Sfil-DNA complexes has only one barrier,
although we admitted the existence of another barrier, which
might not have been detected by AFM force spectroscopy.
The difference between the AFM force spectroscopy results
and single-molecule fluorescence data suggests that the Sfil-
DNA dissociation energy profile may have two different tran-
sient states separated by a relatively low barrier.
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An interesting finding in this work is that the synaptic
complex has a shorter lifetime than the presynaptic complex.
The difference is only twofold, but given that the presynaptic
complex is considered a transient state for the synaptic com-
plex, one could anticipate higher stability of a productive
synaptic complex compared to the presynaptic one. Our data
do not support this hypothesis. The structures of both com-
plexes are apparently different, and our data show that this
difference is in favor of higher stability of the synaptic
complex. Clearly, an elevated stability of the transient state
(presynaptic complex) increases the probability of associa-
tion of this complex with another DNA duplex leading to the
formation of the synaptic complex, but to determine which
structural differences provide this effect will require addi-
tional study.

Our single-molecule dynamics data were obtained for the
DNA duplexes with lengths corresponding to the maximum
of the enzyme cleavage efficiency (48). It is instructive to
compare our results on the lifetime of synaptic complexes
with the Sfil cleavage rates. The kinetics data obtained by
Williams et al. (49) showed that the rate constants of DNA
cleavage vary between ~1 min~' and ~1 s~ ', depending on
the sequence within the nonspecific region. The off-rate
constant for the complex dissociation determined in our ex-
periments is 100 s~'. If all synaptic complexes were equiv-
alent in their structure, DNA should be cleaved during the
complex lifetime, and the cleavage rate would be at least the
same as the complex dissociation rate, i.e., in the 10-ms
timescale. A plausible explanation for such low efficiency of
the productive complex formation is that the Sil-DNA
complex is quite dynamic, allowing various conformational
states to form. There are two major pieces of evidence sup-
porting this view. First, each elementary enzymatic chemical
process of the catalytic bond scission step occurs on the
subnanosecond scale, so the millisecond lifetime would be
sufficient for DNA cleavage to occur. Second, the cleavage
reaction rate depends on the sequence of the central
nonessential part of the DNA’s cognate site, and we showed
recently (50) that this effect correlates with the synaptic
complex lifetime. The cleavage of the substrate is the last
step in a long chain of events starting with the formation of
the productive synaptic complex and ending with DNA cleav-
age. Note that the catalytic step, the cleavage reaction per se,
is a complex process in which the residues of the enzyme
involved in direct and indirect readout communicate with the
catalytic center and trigger conformational changes that are
required for the initiation of phosphodiester bond cleavage
(51). Proper orientation of interacting groups within the cat-
alytic center of the enzyme is the key step allowing fast
cleavage of the substrate. Coupling between the recognition
(the formation of the synaptic complex) and catalytic steps is
the key feature of the enzymology of type II restriction
enzymes, and is yet to be clarified. The characterization of
the complex dynamics is the first step in understanding the
enzyme cleavage mechanism and we believe that further
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experiments with this system will allow us to further
characterize this dynamic process.

Available structural data on the Sfil-DNA complex (43)
provides a couple of potential pathways for structural re-
arrangements within the complex that may be involved in its
dynamics. First, x-ray crystallography revealed two critical
conformational states of the protein tetramer. They involve a
conformational change of one of the loops that bring the
catalytic residues closer to the scissile phosphodiester bond
located within the spacer sequence. Therefore, we hypoth-
esize that the flip between these two states is one potential
dynamic path contributing to the formation of the fully pro-
ductive complex. Second, in the crystal, the DNA molecule
is bent at an angle of 25° to provide specific DNA-protein
bonds; this is a substantial bend angle over short DNA
segments, creating the bend tension to the duplex. Thus, our
second hypothesis is that DNA bending and straightening is
another pathway contributing to synaptic complex dynamics.
Two DNA duplexes undergo this conformational transition,
so their independent movement is a factor decreasing the
probability of the formation of productive complex. Multi-
plying this probability by the probability of the formation
of the appropriate protein conformation further decreases the
chances of formation of the productive synaptic complex.

The Sfil cleavage reaction requires cutting of four DNA
strands, which, according to the article by Nobbs et al. (52),
occurs sequentially with the rate constants for hydrolysis of
each separate phosphodiester bond in the range 0.1-0.2 s .
To reconcile these data with a much higher dissociation rate
of the complex, we propose that the complex lifetime in-
creases after hydrolysis of the very first phosphodiester bond.
An alternative hypothesis implying the complex dissociation
after each cleavage event seems unrealistic because it would
lead to the accumulation of intermediates with nicked
duplexes; this was not observed experimentally (52). The
hypothesis of an increase of the lifetime of the partially
digested complex is supported by the finding that Sfil re-
mains bound to the DNA duplexes even after completion of
the cleavage (52). Moreover, the lifetime for such complexes
is in an hour range that is >100 times larger than the
characteristic time for the cleavage reaction. Additional sup-
port for the hypothesis on the elevated lifetime of the com-
plex with partially cleaved DNA comes from the fact that a
single-stranded break increases DNA flexibility, facilitating
bending of the DNA duplex with the complex. Direct ex-
periments with the synaptic complex containing the nick at
the cleavage position may provide the answer, and exper-
iments to this effect are in progress.

Our experiments with nonspecific DNA duplexes showed
that if there is a complex formation between Sfil and non-
specific DNA, the dissociation time for this complex is less
than the characteristic diffusion time, i.e., <0.5 ms. Cur-
rently, three models for the search by a site-specific protein
for its cognate site on the DNA template are proposed
(53,54): one-dimensional diffusion (sliding), hopping (dis-
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sociation), and intersegmental transfer. The fast dissociation
of the complex observed in this article (10 ms) is seemingly
in favor of the hopping model. However, we cannot rule out
that the dissociation of the complex occurs via sliding of the
protein from the specific site toward the duplex ends. Our
data provide some estimates to this pathway as well. The
experiments with nonspecific duplex showed that such a
complex dissociates in a time frame comparable to that for
free diffusion. We assume that if both mechanisms are
involved, their characteristic time is not larger than 1 ms, the
characteristic time determined for the nonspecific Sil-DNA
complex. Experiments with different lengths of DNA
duplexes may provide evidence for a sliding mechanism
that will allow us to estimate its characteristic times. These
studies are currently in progress.

We showed in this work that the ‘‘tethered’ single-
molecule fluorescence method was a very useful tool for
analyzing the dynamics of interactions within the Sfil-DNA
synaptic complex. This system has many features in common
with other synaptic complexes, those involved in site-specific
DNA recombination in the first place. Therefore, we believe
that this successfully tested ‘‘tethered’” approach is applicable
to any of these systems. It has a number of useful features.
First of all, it is a single-molecule technique, with the
advantages provided by this type of method. Second, it can be
coupled with FRET to provide additional structural informa-
tion for synaptic complexes. For example, we were able to
distinguish between the presynaptic and the synaptic com-
plex. Our time range was limited to a free-diffusion timescale
from the short-time side; however, faster dynamics can be
analyzed using the scanning FCS approach (55). Although we
tested the ‘‘tethered’’ approach only on synaptic complexes,
we do not anticipate problems applying this approach to any
type of specific protein-DNA complexes. The simplicity of
surface-immobilization procedures for DNA dramatically
facilitates the application of the ‘‘tethered’” method to almost
any type of DNA-protein system.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www.biophysj.org.
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